Introduction
The polymorphic nature of DNA has been known for quite some time (reviewed by Neidle, 1994) , as is its ability to form multi-stranded architectures (reviewed by Patel et al., 1999) . The role of cations in inducing structural transitions remains an area of active interest ever since the demonstration of a cation dependent transition from right-handed B-DNA to left-handed Z-DNA (Wang et al., 1979) . More recently, a cation-dependent conformational transition in slow exchange on the NMR time-scale has been reported for G ÁG ÁGÁ G and G ÁC ÁG ÁC tetrad-containing quadruplexes on proceeding from Na to K containing solution. We now report on a novel structural transition for the d(G-G-A-G-G-A-N) sequence, N G and T, on proceeding from 10 mM Na solution to 150 mM Na solution. This sequence contains a pair of tandem all purine G-G-A steps, a triplet repeat (Mishima et al., 1997) identi®ed in micro satellite DNA belonging to the rat polymorphic immunoglobulin receptor gene (Koch et al., 1995; Aoki et al., 1997) , and in portions of human and mouse cellular DNA which cross-hybridizes with the internal direct repeat IR3 repetitive region of Epstein-Barr virus (Heller et al., 1985) .
Our previous report on the solution structure of d(G-G-A-G-G-A-T) in low salt (10 mM Na ) solution established formation of a two-stranded arrowhead motif structure aligned solely through mismatch formation . We now report on the solution structure of d(G-G-A-G-G-A-G) in 150 mM Na solution and establish formation of a novel dimeric four-stranded architecture (shown schematically in Figure 1 (a)) stabilized by a pair of stacked A Á(G ÁGÁ GÁG) ÁA hexads (Figure 1(b) ) at the dimer interface. The recognition of G ÁGÁ GÁG tetrads using sheared G ÁA mismatches to form A Á(G ÁGÁ GÁG) ÁA hexads could represent a novel approach for targeting G-quadruplexes. The biological relevance of this approach is based on the premise that telomerase activity can be blocked by ligand-induced stabilization of Gquadruplex structures in telomeric DNA.
Results

NMR spectra
We have recorded nuclear magnetic resonance (NMR) spectra of d(G-G-A-G-G-A-N), N T or G, as a function of Na concentration. We observe a single conformation for the N T analog in 10 mM NaCl, H 2 O solution as re¯ected in the exchangeable proton NMR spectrum recorded at 0 C in Figure 2 (a). The same conformation also predominates for the N G analog, but it is in equilibrium with a minor conformer which predominates in moderate salt solution. The low salt conformer of d(G-G-A-G-G-A-N) has been shown by our group to be a two-stranded``arrowhead'' duplex motif aligned solely through mismatch formation . We observe a totally different NMR spectrum associated with a single conformation for the N G analog in 150 mM NaCl, H 2 O solution as re¯ected in the exchange- able proton NMR spectrum recorded at 20 C ( Figure 2(b) ). The same conformation, under structural characterization in this study, also predominates for the N T analog, but it is in equilibrium with a minor conformer that predominates in low salt solution. These low (10 mM) and moderate (150 mM) Na cation conformers of d(G-G-A-G-G-A-N), N T or G, are in slow exchange on the NMR time-scale at intermediate salt concentrations. The same monovalent cation concentration-dependent structural transition for d(G-G-A-G-G-A-N), N T or G is also observed in K solution.
The NMR spectrum (5.5 to 12.5 ppm) of d(G-G-A-G-G-A-G) sequence in 150 mM NaCl, H 2 O solution at 20 C contains four imino protons between 10.9 and 12.2 ppm and amino proton resonances at 10.2 and 9.15 ppm (Figure 2(b) ). These narrow and unusually down®eld shifted amino proton chemical shifts are suggestive of a unique pairing alignment associated with a novel architecture and hence we have undertaken systematic NMR studies on unlabeled, site-speci®c 13 C, 15 N-labeled and uniform 13 C, 15 
N-labeled d(G-G-A-G-G-A-G) sequence.
Strand stoichiometry
We have approached the stoichiometry of the d(G-G-A-G-G-A-G) sequence in 150 mM NaCl using a gel ®ltration method. This approach is based on the size dependent retention time of DNA oligomers on a high pressure liquid chromatography column (HPLC) which has been calibrated by recording the log of the known number of residues of several nucleic acid oligomers under non-denaturing conditions as a function of eluted volume (Leroy et al., 1993) . We used an analytical Synchropak GPC peptide column with the elution buffer being 150 mM NaCl, 10 mM phosphate at ambient temperature. The calibration plot based on a range of oligomer samples of varying length (®lled circles) is shown in Figure 3 (a). The elution volume for the native d(G-G-A-G-G-A-G) structure was determined by rapidly applying to the column an aliquot of the NMR sample that was diluted in chromatographic buffer. The observed elution volume corresponds approximately to a 28-mer (Figure 3(a) ) consistent with the d(G-G-A-G-G-A-G) 7-mer sequence forming a four-stranded structure in 150 mM NaCl solution. The control comp- We have also attempted to measure strand stoichiometry of the d(G-G-A-G-G-A-G) sequence in 150 mM NaCl by undertaking a systematic study of the concentration dependence of this folded form relative to the unstructured single-stranded form detectable in slow equilibrium at lower concentrations. A log-log plot of the multimer versus single strand concentrations for d(G-G-A-G-G-A-G) samples equilibrated for 12 weeks at ambient temperature is shown in Figure 3 (b) and yields a strand stoichiometry for the folded form of 3.80(AE0.3). These data independently favor a fourstranded folded form of the d(G-G-A-G-G-A-G) sequence in 150 mM NaCl solution.
Exchangeable proton resonance assignments
The unambiguous assignment of a subset of exchangeable imino and amino proton resonances and non-exchangeable purine H-8 and H-2 proton resonances was achieved through speci®c incorporation of N-labeled adenine) phosphonates within the d(G1-G2-A3-G4-G5-A6-G7) sequence. Labels Figure 2 . Proton NMR spectra (6.9 to 14.5 ppm) of the d(G-G-A-G-G-A-N) sequence as a function of NaCl. (a) N T in 10 mM NaCl, 2 mM phosphate (pH 6.6) at 0 C. This structure corresponds to a two-stranded interlocked mismatch-aligned``arrowhead'' DNA motif . (b) N G in 150 mM NaCl, 2 mM phosphate, pH 6.6 at 20
C. This structure corresponds to a dimeric four-stranded hexad motif, stabilized through formation of stacked A Á(G ÁGÁ GÁ G) ÁA hexads. Imino and amino proton assignments are listed over the spectra.
d(G-G-A-G-G-A-G) Structure in Moderate Na
Salt # G4 and *A6 were incorporated into the sequence in one set, while labels *G2 and # G5 were incorporated in a second set. The proton spectrum (5.5 to 12.5 ppm) of the d(G-G-A-G-G-A-G) sequence in 150 mM NaCl, H 2 O solution at 0 C is plotted in Figure 4 (a). Additional broad amino proton resonances between 9.0 to 11.0 ppm are observed in this spectrum recorded at 0 C (Figure 4 (a)) compared to its counterpart recorded at 20 C (Figure 2(b) ). An example of an one dimensional difference spectrum with site speci®cally # G4 and *A6-labeled
C is presented in Figure 4 (b). These labeled analogs result in the splitting of the imino proton resonance (one bond coupling to N 1 ), the amino proton resonances (one bond coupling to N 2 for guanine bases and N 6 for adenine bases), as well as the base H-8 (two bond coupling to N 7 ) and H-2 (two bond coupling to N 1 for adenine bases) resonances. The difference spectrum in Figure 4 (b) permits the assignment of the imino, amino and H-8 protons of G4 and the H-8 and H-2 protons of A6. The assignment of the imino and amino protons in the d(G-G-A-G-G-A-G) sequence was completed following analysis of the expanded nuclear Overhauser enhancement spectroscopy (NOESY) spectrum recorded in 150 mM NaCl, H 2 O at 0 C (Figure 4(c) ). The key nuclear Overhauser enhancement (NOE) cross-peaks are labeled and their assignments listed in the caption to Figure 4 (c). The chemical shift differences (Ád) between the two amino protons of G2 (Ád 2.6 ppm), A3 (Ád 1.45 ppm), G4 (Ád 5.0 ppm) and G5 (Ád 3.5 ppm) are large (see Table S1 , Supplementary Material), indicative of one hydrogen-bonded and one exposed amino proton for each of these residues in the d(G-G-A-G-G-A-G) architecture. By contrast, both amino protons of G1 (10.2 and 9.15 ppm) resonate to low ®eld, indicative of both participating in hydrogen bond formation.
Non-exchangeable proton resonance assignments
The assigned imino protons could be next correlated to non-exchangeable H8 protons within individual guanine rings following recording of an HCCNH-TOCSY experiment Simorre et al., 1996; Sklenar et al., 1996) on the uniform (a) A plot of the log of the known number of residues of several nucleic acid species under non-denaturing conditions as a function of eluted volume on an analytical Synchropak GPC peptide column with the elution buffer being 150 mM NaCl, 10 mM phosphate at ambient temperature. The calibration samples (®lled circles) included DNA oligomer strands of varying length, as well as several guanine rich sequences that form G-quadruplexes either through tetramerization of four strands or through dimerization of hairpins. The straight line represents an exponential ®t to this data. The elution volume for the single-stranded form corresponds to an aliquot of the NMR sample that was diluted in chromatographic buffer, heated to 100 C for ®ve minutes and then cooled on ice, prior to application to the column. The elution volume for the annealed duplex corresponds to a mixture of the d(G-G-A-G-G-A-G) sequence and its Watson-Crick complementary partner in chromatographic buffer. The elution volume for the native structure corresponds to an aliquot of the NMR sample that was diluted in chromatographic buffer and rapidly loaded onto the column. imino proton to H8 proton correlations for residues G1, G2, G4 and G5 are shown in Figure 5(a) .
Next, the sequential NOE connectivities between the non-exchangeable base protons and their own and 5 H -linked sugar H1 H protons can be traced without interruption in the expanded nuclear Overhauser enhancement spectroscopy (NOESY) contour plot of the d(G-G-A-G-G-A-G) sequence recorded in 150 mM NaCl, 2 H 2 O at 20 C ( Figure 5(b) ). We do not observe any strong purine H8 to its own sugar H1
H NOE values at short (50 ms) mixing times, ruling out syn glycosidic torsion angles (Patel et al., 1982) at any of the adenine or guanine bases within the d(G-G-A-G-G-A-G) structural fold. All the base and sugar protons have been assigned (Table S1 , Supplementary Material), with the most shifted resonance associated with the sugar H4
H proton of G2, whose chemical shift of 2.83 ppm is dramatically up®eld of the 4.3(AE0.4) ppm chemical shift for unperturbed sugar H4
H protons.
The imino protons of G1 (12.1 ppm), G2 (11.2 ppm), G4 (11.9 ppm) and G5 (11.0 ppm) resonate between 11.0 and 12.2 ppm in a region characteristic of G ÁGÁ GÁG tetrad formation (Wang et al., 1991 , Smith & Feigon, 1992 . The observed NOE values between the imino proton of G2 and the H8 proton of G5 (peak m, Figure 4 (c)) and between the imino proton of G5 and the H8 of G2 (peak s, Figure 4 (c)) are consistent with formation of a G2 ÁG5 ÁG2 Á G5 tetrad. The observed NOE values between the imino proton of G1 and the H8 proton of G4 (peak k, Figure 4 (c)) and between the imino proton of G4 and the H8 of G1 (peak l, Figure 4 (c)) are consistent with formation of a G1 Á G4ÁG1 ÁG4 tetrad. These results support formation of an architecture stabilized by G2 ÁG5 ÁG2Á G5 and G1 ÁG4 ÁG1Á G4 tetrads for d(G1-G2-A3-G4-G5-A6-G7) in 150 mM NaCl solution.
In addition, the observed NOE values between the amino proton of G1 and the H8 proton of A3 (peaks r and r H , Figure 4 (c)) and between the amino protons of A3 and the sugar H1 H (peaks w and w H , Figure 4 (c)) and H4 H (peaks x and x H , Figure 4 (c)) protons of G1 are consistent with sheared G1 ÁA3 mismatch formation (Li et al., 1991; Heus & Pardi, 1991; Chou et al., 1997) . Since we have already established formation of a G1 ÁG4 ÁG1 ÁG4 tetrad, C. The cross peaks a to x are assigned as follows: a, 
An analysis of the NOE data on the d(G-G-A-G-G-A-G) fold in 150 mM NaCl solution were suggestive of pairings between the symmetry related adenine bases across a potential A6 ÁA6 mismatch alignment. The available markers on adenine are the H2, H8 and N 6 amino protons and alternate A ÁA mispairing alignments should be distinguishable based on NOE values between the amino protons and non-exchangeable H2 or H8 protons. Unfortunately, we observe a broadened average amino proton resonance for A6, presumably due to intermediate rotation about the exocyclic C-N amino bond. To overcome this limitation, we have replaced A6 by N 6 -methyl-A6 in the sequence, which can be incorporated without perturbation of the NMR markers characteristic of structure formation. The N-methylation of the exocyclic amino group freezes the rotation about the exocyclic C-N bond resulting in distinct proton and CH 3 resonance markers for monitoring potential pairing alignments. We observe NOE values between the H2 proton and the N (Dingley & Grzesiek, 1998; Pervushin et al., 1998) (Majumdar et al., 1999a; Kettani et al., 1999) in nucleic acids. We have applied this approach, based on HNN-COSY (Majumdar et al., 1999a) and newly developed H(CN)N(H)-COSY (Majumdar et al., 1999b) experiments, to de®ne pairing alignments in the uniform 150 mM NaCl solution. Some of the experimental data has been published recently in a methodological study reporting on the application of an H(CN)N(H)-COSY pulse sequence approach for observation of internucleotide N-H Á ÁN hydrogen bonds in the absence of directly detectable exchangeable protons (Majumdar et al., 1999b) . The directionality of the hydrogen bonding alignment around the G2 Á G5ÁG2 ÁG5 tetrad was de®ned by the observation of a 2 J NN scalar coupling between the N 2 donor amino protons of G2 and the N 7 acceptor of G5 (see Figure 3 (a) of Majumdar et al., 1999b) . The N 2 amino protons of G5 were broad and this prevented identi®cation of the potential 2 J NN scalar coupling between the N 2 donor amino protons of G5 and the N 7 acceptor of G2, even at low temperature (0 C). This problem was overcome through use of the H(CN)N(H)-COSY pulse sequence approach for a hydrogen bonding system of the type N d HÁ Á ÁN a -CH. The donor N d nitrogen (N 2 of G5 in this case) is correlated with the corresponding CH proton (H8 of G2 in this case) associated with the acceptor N a nitrogen (N 7 of G2 in this case) (see Figure 3 (b) of Majumdar et al., 1999b) .
The directionality of the hydrogen bonding alignment around the G1 Á G4ÁG1 ÁG4 tetrad was de®ned by the observation of a 2 J NN scalar coupling between the N 2 donor amino protons of G1 and the N 7 acceptor of G4 (see Figure 3 (a) of Majumdar et al., 1999b) . The N2 amino protons of G4 were broad; however, we were able to correlate the N 2 nitrogen of G4 with the H8 proton of G1 using the H(CN)N(H)-COSY pulse sequence approach (see Figure 3 (b) of Majumdar et al., 1999b) .
The formation of the A3 Á (G1 ÁG4 ÁG1 Á G4) ÁA3 hexad (Figure 1(b) ) was de®ned through identi®-cation of sheared G1 ÁA3 mispairs. Thus, 2 J NN scalar couplings were observed between the N 2 amino donor protons of G1 and the N 7 acceptor of A3 (see Figure 3 (a) of Majumdar et al., 1999b) and between the N 6 amino donor of A3 and the N 3 acceptor of G1 (labeled boxed peaks, Figure 5 (c)).
Alternate models
Model building suggests two alternate potential folding topologies for the architecture of d(G-G-A-G-G-A-G) in 150 mM NaCl solution. The stoichiometry measurements and NMR experimental data require formation of a four-stranded architecture containing symmetrically related A3 Á(G1 Á G4ÁG1 ÁG4) Á A3 hexads, G2 ÁG5Á G2ÁG5 tetrads and A6 ÁA6 mismatches. These conditions could be satis®ed by the alternate folding topologies shown in Figures 1(a) and S1 (Supplementary Material), which differ primarily in the nature of the linkage at the A3-G4 steps. A consequence of these alternate linkages is that the topology shown in Figure 1 (a) involves a dimer of symmetry-related two-stranded motifs where A3 Á(G1 Á G4ÁG1 ÁG4) Á A3 hexad and G2 Á G5ÁG2 ÁG5 tetrad alignments form within individual twostranded motifs, while all four strands are required to form the same hexad and tetrad alignments for the folding topology shown in Figure S1 .
We experimentally observe NOE values from the A3(H2) proton to the A3(H1 H , H2 H ) protons (moderate intensity) and to the other A3 sugar protons (weak intensity) (Table S2 , Supplementary Material). These base-sugar NOE values cannot be within a given A3 residue due to proton separations of > 5 A Ê for an anti glycosidic bond alignment and must re¯ect spatial interactions between A3 residues on different strands. This implies that A3 residues on adjacent A3 Á(G1 ÁG4 ÁG1 Á G4) ÁA3 hexads must be positioned over each other and one could rule out models that do not satisfy this criterion. Further, we observe moderate to weak NOE values between the sugar protons of G1 and G4 (Table S2 , Supplementary Material) which, based on their separation in sequence, are likely to be between strands rather than within the same strand. This implies that the sugar rings of the G1 and G4 residues on adjacent A3 Á(G1 Á G4 ÁG1 ÁG4) Á A3 hexads must also be positioned over each other and one could similarly rule out models that do not satisfy this additional criterion.
Distance restraints and molecular dynamics calculations
Distance restraints associated with exchangeable protons (total of 66) were qualitatively deduced from NOESY experiments in H 2 O at two mixing times, while those associated with their nonexchangeable proton counterparts (total of 213) were quanti®ed from NOE buildup curves in 2 H 2 O at ®ve mixing times as described in Materials and Methods. The observation of a single set of narrow resonances for the d(G-G-A-G-G-A-G) sequence at temperatures down to 0 C was consistent with formation of a folded architecture containing four strands de®ned by a pair of 2-fold symmetry axis. Therefore, non-crystallographic symmetry restraints were used during the computations. All distance restraints were classi®ed as ambiguous during the distance-restrained molecular dynamics computations since we have not distinguished between intra-strand and inter-strand restraints between proton pairs within the folded architecture. Experimentally de®ned hydrogen bonding alignments from 2 J NN scalar couplings discussed above were used to restrain the mispairs, tetrads and hexads, with the folding models incorporating these hydrogen bonding alignments outlined in Figures 1(a) and S1 (Supplementary Material) considered independently during the computations.
The solution structure of the d(G-G-A-G-G-A-G) sequence in 150 mM NaCl was solved by molecular dynamics computations guided by hydrogen bonding and NOE distance restraints. 60 starting structures were generated for the d(G-G-A-G-G-A) 6-mer segment as sets of four randomized chains
separated by space intervals of 50 A Ê . We omitted G7 from the computations since there were too few restraints to de®ne this terminal residue. The protocol outlined in the Methods section involved initial torsion space dynamics at 20,000 K followed by cartesian space dynamics at 300 K. The structural statistics following distance re®nement of structures incorporating hydrogen bonding alignments outlined in Figures 1(a) and S1 are listed in Table S3 (Supplementary Material). It is clear that the structural statistics for distance re®ned structures support the folding topology shown in Figure 1 (a) and are incompatible with the folding topology in Figure S1 (a), since the latter exhibit poorer convergence rates, higher van der Waals energy values, greater number of violations and increased deviations from ideal covalent geometry. A subset of 12 distance re®ned structures of the dimeric d(G-G-A-G-G-A-G) hexad motif excluding G7 (folding topology in Figure 1 (a)) were identi®ed based on a combination of low NOE energies and fewest NOE violations.
Intensity restraints and NOE back calculations
The subset of 12 converged distance-re®ned structures corresponding to the folding topology in Figure 1 (a) were next re®ned against the nonexhangeable proton NOE intensities associated with NOESY spectra recorded at ®ve mixing times. These computations utilized an energy minimization with back calculation protocol described in Materials and Methods. The NOE violations, deviations from covalent geometry and pairwise r.m.s.d. values for the 10 lowest energy intensityre®ned structures of the dimeric d(G-G-A-G-G-A-G) hexad motif are listed in Table 1 .
Dimeric``hexad'' motif
A view of the ten lowest energy intensity re®ned structures of the dimeric d(G-G-A-G-G-A-G) hexad motif (excluding G7) are shown in stereo in Figure 6 (a). Individual strands are colored in yellow, cyan, green and orange with backbone phosphorus atoms in red. The individual symmetry related components within the dimer contain an A3 Á(G1 Á G4ÁG1 ÁG4) Á A3 hexad stacked on a G2 ÁG5 ÁG2Á G5 tetrad which is in turn stacked on a A6 ÁA6 mismatch (see the schematic in Figure 1(a) ). The dimer interface contains a pair of stacked A3 Á(G1 Á G4ÁG1 ÁG4) Á A3 hexads.
The directionalities of the individual strands in the dimeric hexad motif are shown in Figure 6 (b) (see also the schematic in Figure 1(a) ). A space ®ll-ing view of this dimeric hexad motif with one of the strands in yellow and the others in white is shown in Figure 6(c) .
A stick representation of one symmetric half of the dimeric d(G-G-A-G-G-A-G) hexad motif (excluding G7) is shown in Figure 7 (a). Note that the backbone spanning the G1-G2-A3-G4-G5 segment undergoes two successive turns resulting in an S-shaped double chain reversal motif. The pairing alignments of the A3 Á(G1 ÁG4 ÁG1Á G4) ÁA3 hexad, reversed A6 ÁA6 mismatch and G2 ÁG5 ÁG2Á G5 tetrad are shown in Figure 7 (b), (c) and (d), respectively.
The stacking geometries between the reversed A6 ÁA6 mismatch and G2 ÁG5 Á G2ÁG5 tetrad, between the G2 ÁG5 ÁG2 Á G5 tetrad and A3 Á(G1 Á G4 ÁG1 ÁG4) Á A3 hexad and between the A3 Á(G1 Á G4ÁG1 ÁG4) Á A3 hexads across the dimer interface are shown in Figure 8 
Identification of potential cation binding sites
A combination of Brownian dynamics (BD) and unconstrained molecular dynamics (MD) simulations using protocols described in Materials and Methods, have been used to probe potential metal cation binding sites within the dimeric d(G-G-A-G-G-A-G) hexad structure. Five electronegative pockets suitable for the binding of monovalent cations (Figure 9 (a)) were predicted by BD simulations of cation diffusion of the dimeric d(G-G-A-G-G-A-G) et al., 1998). Two additional electronegative pockets were predicted for the two symmetry-related, unoccupied grooves of the stacked core structure (Figure 9(a) ). The groove sites are centered between the hexad planes and adjacent phosphate groups of the DNA backbone, approximately at positions where adenines dock into the central tetrads in the other two grooves. The phosphate groups and O4
H atoms of symmetry-related pairs of G5 and N3 atoms of pairs of G4 contribute to the electronegative potential in the tetrad grooves (Figure 9(b) ).
Metal ion binding in the calculated electronegative pockets of the dimeric hexad motif was further investigated by unconstrained MD simulations. A complex of the dimeric hexad structure with ®ve Na placed at the predicted sites was submitted to MD simulations in explicit solvent water. The stability of the Na at their potential binding sites and their hydration were followed over two 1 ns MD trajectories calculated at 300 K. The DNA structure remained close to the experimental NMR structure in both trajectories attested by a r.m.s.d. of around 2.0 A Ê after 1 ns simulation. The three Na sandwiched between the hexad and tetrad planes were stably retained at their binding positions directly coordinated to O6 carbonyl oxygen atoms of the guanine bases in the stacked tetrads. The two Na in the tetrad grooves also remained bound to the DNA stabilized by a network of hydrogen bonds between the hydration shell of the cations and the nucleic acid (Figure 9(b) ). Two water molecules were found hydrogen-bonded simultaneously with the N3 atom of G4 and the O4 H of the adjacent G5, both of which contribute signi®cantly to the electronegative pockets in the tetrad grooves. Two other water molecules formed stable hydrogen bonds with the phosphate groups of G5.
Discussion
Our NMR studies on the d(G-G-A-G-G-A-G) sequence in 150 mM NaCl has identi®ed a new DNA architecture termed the dimeric hexad motif. The formation of A3 Á(G1 ÁG4 ÁG1Á G4) ÁA3 hexads and the S-shaped double chain reversal of the backbone spanning the G1-G2-A3-G4-G5 segment represent the most unexpected features of this 
(G-G-A-G-G-A-G) hexad
motif, excluding G7. The individual strands (yellow, cyan, green, orange), the backbone phosphorus atoms (red). The exocyclic phosphate oxygens are deleted in the interests of clarity. The best ®t superposition was achieved for the top half (strands, yellow and orange) of the dimeric hexad motif. (b) A stick depiction of the backbone of a representative distance re®ned structure of the dimeric hexad motif, excluding G7. (c) A space-®lling view of a representative distance re®ned structure of the dimeric hexad motif, excluding G7. One of the strands (yellow) and the other three (white), the backbone phosphorus atoms (red).
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Salt four-stranded architecture. Individual hexads in turn form through alignment of pairs of G1 Á(A3-G4) triads. The structural features associated with the dimeric d(G-G-A-G-G-A-G) motif are discussed below, along with an analysis of the origin of the NaCl concentration dependence, which results in a switch from a two-stranded arrowhead motif in 10 mM Na reported previously to a four-stranded dimeric hexad motif in 150 mM NaCl.
Structure determination
The main challenge during structure determination was to distinguish between two alternate folding topologies represented schematically in Figures 1(a) and S1 (Supplementary Material). The structures based on the folding topology in Figure 1 (a) were able to satisfy the experimentally observed NOE values between the H-2 and sugar protons of A3 and between the sugar protons of G1 and G4 on adjacent A3 Á(G1 ÁG4 ÁG1 Á G4) ÁA3 hexads across the dimer interface (Table S2) . By contrast, severe violations were observed for structures associated with the folding topology in Figure S1 (Supplementary Material), due to the large separation in the computed structures between H-2 and sugar protons of A3 on adjacent hexads across the dimer interface.
There was an improvement in the number of >0.2 A Ê violations on proceeding from distance re®ned (9.7(AE1.5), Table S3 ) to intensity re®ned (2.7(AE1.0), Table 1 ) structures of the dimeric hexad motif. The structures are well de®ned within each symmetric half of the dimeric hexad motif, but show some variability in the relative alignments across the dimeric interface (the dimer hexad motif re®ned structures in Figure 6 (a) represent superpositioning for the yellow and orange strands only).
Guanine glycosidic torsion angles
The sugar ring oxygen atoms are represented by white balls for purine bases in the A6 ÁA6 mismatch (top step, Figure  7 (a)), the G2 ÁG5 ÁG2 Á G5 tetrad (middle step, Figure 7(a) ) and the A3 Á(G1 ÁG4 Á G1ÁG4) ÁA3 hexad (lower step, Figure 7(a) ). It is striking that all purines, including G1, G2, G4 and G5, experimentally adopt anti conformations, consistent with the parallel orientation (Cheong & Moore, 1992; Wang & Patel, 1993; Gupta et al., 1993; Aboulela et al., 1994; Laughlan et al., 1994) of the pair of G1-G2 and the pair of G4-G5 steps connecting the G2Á G5ÁG2 ÁG5 tetrad and A3 Á(G1 Á G4 ÁG1 ÁG4) Á A3 hexad within each symmetry-related half of the folded dimeric hexad motif architecture (see the schematic in Figure 1(a) ).
G Á (A-G) triad
Residues G1, A3 and G4 from the same strand are involved in G1 Á(A3-G4) triad formation (Figure 7(b) ) in the dimeric d(G-G-A-G-G-A-G) hexad architecture. Kuryavyi & Jovin (1995 put forward the concept of base triads where two adjacent bases are coplanar (A3 and G4 in our case) and in turn pair in the same plane with a non-adjacent third base (G1 in our case). Experimental support for the coplanar alignment of adjacent bases emerged with the identi®cation of three separate A(anti)-A(anti) platforms in the crystal structure of the P4-P5-P6 domain of the Tetrahymena group I intron (Cate et al., 1996) . Subsequently, an A Á (T-A) triad containing a T(anti)-A(anti) platform (Kettani et al., 1997 ) and a T Á(A-A) triad containing an A(syn)-A(anti) platform (Kuryavyi et al., 2000) have been reported in multi-stranded DNA architectures. In addition, U Á (A-A) (Kalurachchi et al., 1997) , G Á(A-C) (Zimmerman et al., 1997) and U Á(G-U) (Wimberly et al., 1999; Conn et al., 1999) triads have been identi®ed to date in RNA folds.
The G1 Á (A3-G4) triad (Figure 7(b) ) in the dimeric d (G-G-A-G-G-A-G) hexad motif has several features that have not been identi®ed in triads reported previously. This is the ®rst example of an all purine triad, in contrast to all previous triads which contain atleast one pyrimidine (Kettani et al., 1997; Kuryavyi et al., 2000; Kalurachchi et al., 1997; Zimmerman et al., 1997; Wimberly et al., 1999; Conn et al., 1999) . Further, both bases in the platform (A3-G4 in our case) form hydrogen bonds with the interacting base (G1 in our case) (Figure 7(b) ). This could re¯ect the availability of Watson-Crick and Hoogsteen edges within purine bases for hydrogen bonding alignment. Indeed, G1 pairs with A3 through sheared GÁ A mismatch formation while G1 pairs with G4 through Hoogsteen G ÁG mismatch formation (Figure 7(b) ). Thirdly, this is also the ®rst example of two triads aligning to form a hexad, thus establishing the versatility of triads as a module for formation of multi-stranded architectures.
A Á (G ÁG ÁG Á G)Á A hexad formation
All residues within the d(G-G-A-G-G-A) segment of the dimeric hexad motif are involved in pairing alignments either as non-canonical pairs, tetrads or hexads. The Watson-Crick and Hoogsteen edges of guanine are involved in pairing around the GÁ GÁG ÁG tetrad. This leaves the minor group edge of guanine exposed for speci®c recognition. Sheared GÁ A mismatch formation involves alignment of the minor groove edge of guanine with the major groove edge of adenine (Li et al., 1991; Heus & Pardi, 1991) . Thus, adenine bases are ideally suited for targeting G ÁG ÁGÁ G tetrads through sheared G ÁA mismatch formation. The pairing alignment around the A Á (G ÁG ÁGÁ G) ÁA hexad in a representative re®ned structure of the dimeric d(G-G-A-G-G-A-G) hexad motif is shown in Figure 7(b) . Note that the Watson-Crick, major groove and minor groove edges of G1 are all involved in hydrogen bonding, so that this residue is anchored in place through six hydrogen bonds (Figure 7(b) ).
Successive reverse turns resulting in double chain reversal
Individual strands of the dimeric d(G-G-A-G-G-
A-G) hexad motif undergo a sharp turn within the G1-G2-A3 segment and a gradual turn within Figure 8 . Stacking alignments in a representative intensity re®ned structure of the dimeric d(G-G-A-G-G-A-G) hexad motif, excluding G7. (a) Overlap geometry between the A6 ÁA6 mismatch (in cyan) and the G2Á G5Á G2Á G5 tetrad (white). (b) Overlap geometry between the G2Á G5Á G2ÁG5 tetrad (white) and the A3 Á (G1Á G4ÁG1Á G4)Á A3 hexad (magenta). (c) Overlap geometry between adjacent A3 Á (G1Á G4ÁG1Á G4)Á A3 hexads (magenta and grey).
d(G-G-A-G-G-A-G) Structure in Moderate Na
Salt the G2-A3-G4-G5 segment (see schematic in Figures 1(a) ). In the case of reversal in the G1-G2-A3 segment, a single G2 residue is involved in turn formation, with the chain reversal closed by formation of a sheared G1 ÁA3 mismatch pair. Such single residue turns have been reported previously for G-N-A segments closed by a sheared G ÁA mismatch pair (Hirao et al., 1994; Zhu et al., 1995; Chou et al., 1996; Yoshizawa et al., 1997) . They are characterized by an unusual up®eld shift for the H4 H proton of the turn residue (Zhu et al., 1995) , as has been observed for the H4 H proton of G2 resonating at 2.83 ppm (Table S1 ) in the d(G-G-A-G-G-A-G) sequence in 150 mM NaCl. It should be noted that there are differences in the orientation of the sugar ring and backbone of A3 in our G1-G2-A3 turn (Figure 7(a) ) and the corresponding A residue in more classical G-N-A turns (Hirao et al., 1994; Zhu et al., 1995; Chou et al., 1996; Yoshizawa et al., 1997) . This difference re¯ects the participation of A3 also in a second turn associated with the G2-A3-G4-G5 segment in our structure.
In the case of reversal in the G2-A3-G4-G5 segment, the turn occurs at the A3-G4 platform step and is closed by a Hoogsteen G2 ÁG5 mismatch pair. In essence, the two successive turns within each individual strand of the dimeric head motif de®nes an S-shaped double chain reversal architecture, which connects the G1-G2 and G4-G5 steps aligned parallel to each other along adjacent edges of the quadruplex.
Stacking
The dimeric d(G-G-A-G-G-A-G) hexad has mismatches stacking on tetrads, which in turn stack on hexads, within each symmetric half of the architecture. Thus, both base-base and base-sugar stacking could contribute to stabilization of the global fold. There is extensive stacking between the A6 residues of the A6 ÁA6 mismatch and the G5 residues of the adjacent G2 Á G5 ÁG2 ÁG5 tetrad (Figure 8(a) ) in the re®ned structure of the dimeric hexad motif. The H2 proton of A6 at 7.07 ppm is positioned over the G2 Á G5 mismatch pair accounting for its observed up®eld shift. The stacking between the adjacent G2 ÁG5Á G2ÁG5 tetrad and A3 Á(G1 Á G4 ÁG1 ÁG4) Á A3 hexad is primarily between guanine bases within individual strands, while the purine rings of A3 residues are partially stacked over the sugar rings of G2 residues (Figure 8(b) ). This latter stacking could account for the observed up®eld shift for the H4 H proton of G2 which resonates at 2.83 ppm. There is considerable overlap between the ®ve-membered purine rings of G1 and G4 and between the ®ve-membered purine rings of A3 residues resulting in extensive stacking between symmetry related A3 Á(G1 Á G4ÁG1 ÁG4) Á A3 hexads across the dimer interface (Figure 8(c) ).
The experimental data establish that the d(G-G-A-G-G-A-N) sequence can switch from a twostranded``arrowhead'' motif in 10 mM NaCl to a four-stranded dimeric hexad motif in 150 mM NaCl solution (this study). Note that a sharp chain reversal is observed for both conformers, with reversal at A3 for the arrowhead motif and at G2 for the dimeric hexad motif. Intra-and inter-strand stacking appears to be quite extensive for both motifs, but the complete stacking between adjacent A Á(G ÁG ÁG ÁG) ÁA hexads in the dimeric``hexad'' motif (Figure 8(c) ), explains in part why the moderate salt hexad motif is more stable than its low salt arrowhead counterpart. were stably bound at the predicted sites in the grooves during molecular dynamics simulations of the fully solvated dimeric hexad structure. Binding of Na (blue) in the grooves is mediated by a symmetric hydrogen bond network between water molecules of the hydration shell and bases and sugars of the dimeric hexad motif. Six of the water molecules coordinated to Na show persisting residence over the 1 ns MD simulations whereas occupation of a seventh coordination site (open wedge) is¯uctuating.
Na dependence of arrowhead to hexad transition
The switch of the d (G-G-A-G-G-A-N) sequence from an arrowhead motif in 10 mM NaCl to a dimeric hexad motif in 150 mM NaCl (this study) may re¯ect the role of alkali cations in stabilizing GÁ GÁG ÁG tetrad-contianing architectures. We have also observed the same transition with K as cation as a function of KCl concentration. Both X-ray (with Na and K ) (Laughlan et al., 1994; Kang et al., 1992) and NMR (with NH 4 ) (Hud et al., 1998) studies have identi®ed monovalent cations that are sandwiched between adjacent GÁ GÁG ÁG tetrads in DNA quadruplexes. Nevertheless, we were interested in elucidating whether additional metal ion binding sites, beyond the classical ones coordinating the inwardly pointing carbonyls on adjacent GÁ GÁG ÁG tetrads, could be found within the novel fold of the dimeric hexad motif.
The identi®cation and positioning of monovalent cations in the tetrad grooves (Figure 9(a) ) determined from the combined Brownian and molecular dynamics simulations was not anticipated and suggests that such metal ion sites might be involved in stabilization of the dimeric hexad motif by bridging between the two symmetry-related DNA subunits. The two cation binding sites in the grooves, along with the metal ion binding sites between the hexad and tetrad planes, could account for the experimentally observed dependence of the dimeric hexad structure on moderate salt concentrations. By contrast, no comparable stable cation binding sites were found by prediction methods applied on the arrowhead motif which is the folded form of the d(G-G-A-G-G-A-N) sequence at low salt concentrations .
Earlier investigations have reported on cation concentration dependent transitions between Watson-Crick hairpin and GÁ GÁG ÁG tetrad-mediated quadruplex in G C-rich sequences (Hardin et al., 1992) . Our research on cation concentration dependent structural transitions between the arrowhead and dimeric hexad motifs in guanine plus adenine rich sequences has resulted in the identi®cation of both novel DNA architectures and unanticipated cation binding sites.
Biological implications
Here, we report on a novel multi-stranded DNA architecture which we have designated the dimeric hexad motif. A key discovery is our demonstration for the ®rst time of a noncovalent pair of stacked A Á(G ÁG ÁG ÁG) ÁA hexads that form the base of a diamond-shaped architecture involving hexads, stacked on tetrads which are in turn stacked on mismatches. A second discovery de®nes in molecular terms the conformational transition associated with the Na (or K ) concentration dependent switch from the two-stranded arrowhead motif to the four-stranded dimeric hexad motif. Both the arrowhead and dimeric hexad motifs contain novel pairing alignments along with sharp turns and point to the structural and functional diversity of multistranded DNA architectures.
The ends of chromosomes contain guanine-rich repeats called telomeres (reviewed by Rhodes & Giraldo, 1995) . For humans the repeat is d(T 2 AG 3 ) n , with all telomeres containing a protruding single strand overhang at the 3 H -end. Telomere maintenance depends on the enzyme telomerase, which is a reverse transcriptase containing an RNA template. The guanine-rich telomere overhangs can adopt a range of folds ranging from a linear extended conformation required for binding to telomerase and telomere-binding proteins to higher order structures involving mismatch and quadruplex formation. Thus, a shift in equilibrium between G-quadruplex and extended folds for guanine-rich telomeric sequences towards the former architecture, could represent an approach for potential inhibition of telomerase activity. This implies that G-quadruplex-binding ligands may have potential as antitumor drugs and considerable effort has focused on the identi®cation and characterization of small ligands , intercalation-capable porphyrins (Wheelhouse et al., 1998; Anantha et al., 1998; Arthanari et al., 1998; Haq et al., 1999) and chromophores (Fedoroff et al., 1998; Perry et al., 1998) that can target the grooves or insert between tetrad planes of the quadruplex, respectively.
Here, we demonstrate for the ®rst time that there is a stereochemical possibility for targeting G-quadruplexes site-speci®cally along their G ÁGÁ GÁG tetrad edges through A Á (G ÁG ÁGÁ G) ÁA hexad formation. This could be achieved through sheared G ÁA mismatch formation, a robust mismatch alignment, that has been increasingly observed to stabilize novel folds and recognition elements in RNA (Wimberly et al., 1993; Szewczak et al., 1993; Fan et al., 1996; Cai et al., 1998; Legault et al., 1998) and DNA (Chou et al., 1997; Lin & Patel, 1997; Lin et al., 1998; Sheppard et al., 1999) .
A future challenge concerns the design of adenine rich G-quadruplex interacting sequences for potential targeting of the GÁG ÁGÁ G tetrad edges through A Á(G Á GÁG ÁG) Á A hexad formation. Thus, could more than two adjacent stacked GÁG ÁG ÁG tetrad planes associated with telomeric G-quadruplex folds be targeted through sheared G ÁA mismatch formation? To what extent would formation of such a postulated stacked array be modulated by the directionalities of individual strands around the G-quadruplex and the anti/syn distribution of guanine glycosidic torsion angles? Model building indicates that both the Watson-Crick and Hoogsteen edges of adenines can target the minor groove edges of anti guanine bases around a GÁ GÁG ÁG tetrad through GÁ A mismatch formation but are occluded due to steric effects from targeting syn
guanine bases through similar mismatch alignments. Would adenine rich G-quadruplex interacting sequences be restricted to targeting the minor groove edges of anti guanine bases along a single strand or could they through appropriate positioning of anti and syn adenine bases target the minor groove edges of anti guanine bases on adjacent strands within individual grooves of the quadruplex? In the longer term, can adenine rich G-quadruplex interacting sequences be designed to target human telomeric DNA quadruplex folds formed by the d(T 2 AG 3 ) n repeat? These and related questions are currently under active investigation.
Materials and Methods
Preparation of unlabeled and selectively labeled DNA
sequence was synthesized on a 10 mmol scale on an Applied Biosystems 392 DNA synthesizer using solid phase b-cyanoethylphosphoamidite chemistry and was subsequently puri®ed by HPLC. The details of the synthesis and puri®cation of the d(G1-G2-A3-G4-G5-A6-G7) sequence labeled with 15 N at N 1 , N 2 and N 7 and/or 13 C at C 2 of guanine and with 15 N at N 1 , N 6 and N 7 of adenine as labeled G4 and A6 pairs and as labeled G2 and G5 pairs will be reported elsewhere. The DNA oligomers in 5 ml volume were dialyzed against ®ve changes of H 2 O, followed by dialysis against 150 mM NaCl, 2 mM Na-phosphate buffer (pH 6.6) and ®nal dialysis against 15 mM NaCl, 0.2 mM phosphate buffer (pH 6.6) and lyophilized. (Sigma) . The cells were harvested at late log phase. The pH of the media was adjusted to 7.5 with Na-phosphate buffer and fresh E. coli cells were inoculated. Growth cycles were repeated ®ve times till the yield dropped below 0.5 A 600 /ml. The yield was about 20 g wet cells per liter of media. Cell pellets were disrupted using a French press and total polymeric nucleic acids in the disrupted cells were next separated from proteins by phenol extraction. The polymeric DNA and RNA were hydrolyzed to the monophosphates and the ribo-NMPs were separated from dexoy-NMPs on a boronate column according to the general procedure of Batey et al. (1995) for isolation of labeled RNA. The mixture of uniformly labeled 13 C, 15 N dNMPs were separated by reverse-phase HPLC on a semi-preparative C-18 column and next converted to dNTPs using published enzymatic procedures (Smith et al., 1997) . Speci®cally, we isolated glutathione-S-transferase/yeast deoxythymidylate kinase fusion protein (GST-dTMP kinase) for conversion of TMP to TTP from E. coli strain DH10b transformed corresponding recombinant plasmid GEX-2 derivative (kindly provided by Dr F. Jucker of Nexstar Pharmaceuticals).
Preparation of uniformly
A modi®ed version of the Zimmer & Crothers (1995) procedure as described previously was used for the enzymatic synthesis of uniformly 13 C, 15 N-labeled d(G-G-A-G-G-A-G). The template consisted of a 23-mer sequence of deoxy residues terminating in a ribo residue, of which a central 16-mer segment formed a self-complementary duplex linked to d(C-T-C-C-T-C-C) 5
H -overhangs. The in-house prepared uniformly 13 C, 15 N-labeled dNTPs were used as building blocks in the in vitro polymerization reaction catalyzed by murine mammary leukemia virus (MMLV) reverse transcriptase (Gibco-BRL). The uniformly 13 C, 15 N-labeled d(G-G-A-G-G-A-G) 7-mer was cleaved at the rbio-deoxy step by alkaline hydrolysis following completion of the in vitro polymerization and separated from the unlabeled 23-mer template using 22 % denaturing polyacrylamide electrophoresis. The DNA 7-mer bands were eluted from the gel by``crush-and-soak'' procedure (Chen & Ruffner, 1996) and puri®ed as described above for the nonlabeled samples.
NMR data collection and processing
H 2 O buffer (150 mM NaCl, 2 mM phosphate (pH 6.6)) were collected on a Varian 600 MHz Unity Inova NMR spectrometer. Proton assignments are based on homonuclear NOESY, correlation spectroscopy (COSY), total correlated spectroscopy (TOCSY) and HCCNH-TOCSY Simorre et al., 1996; Sklenar et al., 1996) experiments. Data sets were processed and analyzed using the FELIX program (Molecular Simulations). Two bond 2 J NN scalar couplings between imino and amino donors and nitrogen acceptors in uniformly 13 C, 15 N-labeled d(G-G-A-G-G-A-G) in 150 mM NaCl were monitored in HNN-COSY and H(CN)N(H)-COSY contour plots using a pulse sequence described in the literature (Dingley & Grzesiek, 1998; Pervushin et al., 1998; Majumdar et al., 1999a,b) .
Distance restraints
The distances between non-exchangeable protons were estimated from the buildup curves of cross-peak intensities in NOESY spectra at ®ve different mixing times (50, 100, 150, 200 and 300 ms) in 2 H 2 O and given bounds of AE30 % with distances referenced relative to the sugar H1 H -H2 HH distance of 2.20 A Ê . Exchangeable proton restraints are based on NOESY data sets at two mixing times (60 and 200 ms) in H 2 O. Cross-peaks involving exchangeable protons were classi®ed as strong (strong intensity at 60 ms), medium (weak intensity at 60 ms) and weak (observed only at a mixing time of 200 ms) and proton pairs were then restrained respectively to distances of 3.0(AE0.9) A Ê , 4.0(AE1.2) A Ê and 6.0(AE1.8) A Ê . Since the experimental NMR data are consistent with a four-stranded motif containing a pair of 2-fold symmetry axis, non-crystallographic symmetry restraints were imposed on all heavy atoms.
Structure calculations
The structure of the d(G-G-A-G-G-A-G) sequence (excluding G7) in 150 mM NaCl was determined by MD-simulated annealing computations driven by NOE distance and hydrogen bonding restraints using X-PLOR package, version 3.8 (Brunger, 1992) . At the initial stage of the re®nement, torsional molecular dynamics was undertaken at high temperature. The molecules were equilibrated at 20,000 K (30,000 steps over 3 ps) and then cooled very slowly to 1000 K (40,000 steps over 20 ps). The potential energy function included a repulsive force ®eld, NOE and hydrogen bond distance restraints, glycosidic bond (w) dihedral angle restraints and a non-crystallographic symmetry potential. The force constant for NOE distance restraints was maintained at a value of 30 kcal mol À1 A Ê À2 , while for hydrogen bonds restraints the value was 50 kcal mol À1 A Ê À2 . All NOE distance restraints were considered as ambiguous and treated with the``sum'' averaging option (Nilges et al., 1991; Nilges, 1995) . Dihedral angle restraints (210(AE40)
, with force constant of 50 kcal mol À1 rad
À2
) were imposed on glycosidic torsion angles for the residues G1, G2, A3, G4, G5 and A6 shown experimentally to adopt anti conformations. The force constant for non-crystallographic symmetry was maintained at 30 kcal mol À1 A Ê À2 . These computations were followed by lower temperature cartesian space molecular dynamics guided by the hydrogen bonding and NOE distance restraints with changes in the potential energy function: the repulsive force ®eld was replaced with Lennard-Jones potentials and planarity restraints were included for tetrad and hexad planes with low weights of 5 kcal mol À1 A Ê À2 and 10 kcal mol À1 A Ê À2 , respectively. During this stage of the dynamics, the structures were further cooled from 1000 K to 300 K (20,000 steps over 10 ps) and minimized until the gradient of energy was less than 0.1 kcal mol
À1
. It should be noted that computations repeated without planarity restraints resulted in the same low energy structures, but exhibited a lower convergence rate.
The re®nement protocol started from sixty different initial structures. The initial structures were generated as sets of four chains, each six nucleotides long (excluding underde®ned G7), randomized for all dihedral angles, and separated by space intervals of 50 A Ê . The convergence rate following dynamics was good (given that the system contained four independent chains) for the case where the computations were guided by hydrogen bonding restraints associated with the topoplogy shown in Figure 1 (a): 12 structures out of 60 emerged with the same fold and pairwise r.m.s.d. values less than 1 A Ê between members of the group. Non-converged structures were separated from that group by large gaps (in total more than 100 kcal) in all components of the potential energy (van der Waals, NOE violations, covalent geometry). By contrast, the convergence rates, van der Waals energy, number of NOE violations and deviations from ideal covalent geometry were poor (Table S3 , Supplementary Material) for the case where the computations were guided by hydrogen bonding restraints associated with the topoplogy shown in Figure S1 (Supplementary Material).
The 12 converged distance re®ned structures corresponding to the folding topology shown schematically in Figure 1 (a) were used as the starting point for subsequent X-PLOR based energy minimization with backcalculation of the NOESY spectra. The relaxation matrix was set up for the nonexchangeable protons, with the exchangeable imino and amino protons exchanged for deuterons. A total of 1065 non-exchangeable intensity values from NOESY data sets at ®ve mixing times in 2 H 2 O buffer (213 nonexchangeable intensities per mixing time) were included with force constant of 500 kcal mol À1 . Planarity restraints were lifted at this stage while distance restraints were retained with 30 % bounds and the same weights as before. During minimization, the NMR R-factor (R 1/6 ) improved from the initial value of 10 % to 5.1 % while retaining structure convergence and stereochemistry.
Prediction and simulation of cation binding
Brownian dynamics simulations of cation diffusion were used to determine electronegative pockets as potential binding sites for cations in re®ned NMR structures of the d(G-G-A-G-G-A-G) sequence in 10 mM and 150 mM NaCl solution. The electrostatic ®eld of the DNA was calculated with the nonlinear Poisson-Boltzmann equation using partial atomic charges from the AMBER 94 force ®eld (Cornell et al., 1995) . Sites meeting electrostatic and sterical criteria for the binding of metal cations were identi®ed by simulations of the diffusion of 1 charged spherical probes in the electrostatic ®eld of the DNA. Simulations were performed with the UHBD program (Madura et al., 1994) and analyzed as has been described previously .
The MD simulations under realistic solvent conditions were done with the AMBER software and force ®eld (Cornell et al., 1995) . The ®ve Na were placed at the predicted sites followed by immersion of the DNA complex in a solvent box containing $3000 molecules of SPC/E water molecules and 15 Na conterions randomly added at distances of larger than 5 A Ê from any atom of the solute. The system was prepared for the simulations at 300 K by applying a multi-step procedure adapted from previously published protocols redistributing ®rst the solvent molecules and bulk ions at 300 K while both DNA and bound Na were ®xed, followed by an intermediate phase in which the constraints on the bound Na were slowly reduced to zero, and a ®nal phase, initiated with a restart at 10 K and slow heating to 300 K without any constraints. Two independent MD trajectories of 1 ns length, obtained by slight modi®cations in the equilibration protocol, were run with a time step of 2 fs and subsequently analyzed with the Carnal module of the AMBER software. Periodic boundary conditions were applied throughout along with the Particle Mesh Ewald method for the evaluation of electrostatic interactions.
Coordinates deposition
Coordinates (accession number: 1eeg) of the dimeric d(G-G-A-G-G-A-G) hexad motif have been deposited in the RCSB Protein Data Bank.
